Ponsuksili S, Murani E, Walz C, Schwerin M, Wimmers K. Preand postnatal hepatic gene expression profiles of two pig breeds differing in body composition: insight into pathways of metabolic regulation. Physiol Genomics 29: [267][268][269][270][271][272][273][274][275][276][277][278][279] 2007. First published January 30, 2007; doi:10.1152/physiolgenomics.00178.2006.-The liver plays a central role in the regulation of the metabolic status, partitioning of nutrients, and expenditure of energy. To gain insight into hepatic metabolic pathways and key transcripts affecting traits related to body composition, liver expression profiles were compared of pigs of two breeds, the obese German Landrace (DL) and the lean Pietrain (Pi). Porcine oligonucleotide microarray were hybridized with liver cRNAs obtained at peripubertal age (180 days of age) and prenatal stages (35, 63, and 91 days postconception) that represent three developmental stages of liver, i.e., period of differentiation, period of metabolic activity, and period of glycogen accumulation. In terms of the number of genes regulated between DL and Pi, the most striking distinctions were found at peripubertal age with upregulation of key genes of lipid metabolism pathways (FASN, ACSS2, ACACA) in obese DL pigs and upregulation of genes of cell growth and/or maintenance, and protein syntheses, as well as cell proliferation pathways (PPARD, POU1F1, IGF2R), in lean Pi pigs. Moreover, time course analysis of breed-dependent expression profiles revealed breed-typical temporal regulation from prenatal stages to peripubertal age of genes assigned to biological processes involving lipid pathways and cell activity, i.e., breed differences are already initiated during early prenatal development. Information about mRNA expression levels of the two breeds differing in body composition, partitioning and utilization of nutrients and energy reveals functional candidate genes for traits related to obesity and leanness. liver; microarray; obesity; leanness MOST NUTRIENTS ABSORBED by the intestine pass through the liver, which largely contributes to the overall metabolic status of the organism. The liver plays a central role in the regulation of carbohydrate, lipid, and amino acid metabolism and thus comprise genes potentially affecting traits related to leanness and obesity. German Landrace (DL) and Pietrain (Pi) pigs differ considerably in growth rate, body composition, and nutrient utilization (6, 55) and thus may represent a valuable model to study the genetic control of these traits, with DL being more "obese" and Pi being more "lean." Trait-/breeddependent expression profiling of the liver will underscore the genes involved in genetic control of the metabolic status. Knowledge of the changes in the gene expression profile in pig liver during prenatal development and postnatal life is limited. We hypothesize that breed differences in liver expression profiles will be present at prenatal stages. These mainly depend on genetic effects rather than environmental effects. Moreover, prenatal events have been shown to affect postnatal growth and to be targets of fetal programming and are thus of interest. Expression profiling of fetal and peripubertal liver of pig breeds differing in utilization and partitioning of calories will point to metabolic pathways, which affect these physiological properties, and will reveal relevant candidate genes of growth and performance traits. Ultrastructural studies of porcine fetal livers show that development can be divided into three periods: a period of differentiation [18 -40 days postconception (dpc)], a period of metabolic activity (40 -80 dpc), and a period of glycogen accumulation (80 -113 dpc) (8). These three main periods of liver development plus peripubertal stage were selected to compare the gene expression profile of DL and Pi.
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Microarray analyses have been applied in the pig, for example, to unravel differential expression in muscle tissue due to fiber distribution, developmental stage, and breed (4, 10, 49, 50, 51, 67) and in the analysis of immune response and host-pathogen interaction (1, 33) . Analysis of hepatic expression patterns in the pig has focused on diet-induced liver injuries (15) . Using an application-specific cDNA microarray we have previously shown differential expression of the liver in discordant sib pairs differing in leanness-and obesity-related traits (38) . The aim of this study was to obtain insight into pathways of hepatic metabolic regulation at the transcriptome level by comparing liver expression profiles from prenatal stages to peripubertal age of pigs representing breeds of divergent body composition by microarray analysis.
MATERIALS AND METHODS

Animals and tissue collection.
To address the prenatal stages of 35, 63 , and 91 dpc, fetuses were obtained from five sows per breed, DL or Pi, at each stage. Sows in their second or third parity were obtained from two large herd-book farms employing accurate on-farm herd record-keeping systems. Average performance of animals derived from these farms is given in Table 1 . Sows were mated to boars of the same breed, DL or Pi, respectively. Sows were fed a standard gestation diet containing 12.6% crude protein, which was given restrictively throughout gestation. Sows were slaughtered at 35, 63, or 91 days of pregnancy. Uteri were removed immediately after bleeding. Fetuses were already dead when obtained from the uteri by cutting the umbilical cord. We used one male and one female fetus from each litter to prepare liver samples. We selected 20 peripubertal pigs (10 DL and 10 Pi with five castrated male and five female each; approximate age of 180 days) from the same herd. These pigs had no common sire or dam. Pigs were given ad libitum access to feed containing 16% crude protein. All animals were slaughtered according to European standards of handling including preslaughter fasting and welfare issues. Tissue samples were taken from lobus sinister hepaticus. All tissue samples were flash frozen in liquid nitrogen and stored at Ϫ80°C until use for RNA isolation. The experiments described in this study were performed in accordance with all appropriate regulations regarding care and use of research animals and were approved by the authors' institutional animal care and use committee.
RNA and target preparation for hybridization. For isolation of total RNA liver samples were first ground in a mortar, then mixed, and homogenized with 1 ml of TRI Reagent (Sigma, Taufkirchen, Germany) using syringes and needles according to the manufacturer's protocol. After DNase treatment RNA was quantified and integrity was checked by electrophoresis of 1 g of RNA on 1% agarose gels containing formaldehyde-stained with ethidium bromide. mRNA was isolated from total RNA using magnetic oligo(dT)-beads (Dynabeads; Dynal, Oslo, Norway). Different mRNA pools per stage and breed were made for subsequent chip hybridizations. Pools of 1 g of mRNA of each group of animals were labeled with Cy3 or Cy5 using the CyScribe Post-Labeling Kit (GE Healthcare, Freiburg, Germany), which involves the use of oligo(dT) primers and random nanomers for synthesis of amino allyl-labeled first-strand cDNA and coupling of cDNA with CyDye NHS ester. Cy3/Cy5-labeled cDNAs were purified used CyScribe GFX purify kit (GE Healthcare). Cy3-and Cy5-labeled cDNAs were hybridized to the set of 13,297 pig-specific 70-mer oligonucleotides at 42°C for 14 -18 h. To reduce the background of the slide, the Pronto Universal Hybridization kit was used (Corning Life Science, Schiphol-Rijk, The Netherlands). Hybridized slides were washed once with 1ϫ SSC, 0.2% (wt/vol) SDS for 10 min at 42°C and twice with 0.1ϫ SSC, 0.2% (wt/vol) SDS. Finally, slides were dipped into distilled water and air-dried.
Data analysis. Microarrays were scanned with the 428 Array Scanner (Affymetrix, Santa Clara, CA). Spots were quantified, and quality filtering was applied using ImaGene5 software version 5.6 (BioDiscovery, Los Angeles, CA). Each spot had to pass a number of quality criteria, including spot consistency, minimum intensity levels, and minimum signal-to-background ratio. Arabidosis gene oligonucleotides, which were on the array as negative controls, were successfully discarded by this procedure. The subtracted signal median of genes that passed filtering was analyzed further with The Institute for Genomic Research (TIGR) Microarray Data Analysis System (40) , which allows one to perform normalization steps: per spot, intensity dependent (lowess fit).
Filtered and normalized expression data were analyzed with TIGR Multiexperiment Viewer (MEV) (40) . The t-test was conducted for each stage, and the set of P values for each stage was converted to a set of q values using the algorithm proposed by Storey and Tibshirani (45) (QVALUE). To compare all stages between DL and Pi, variance analysis (ANOVA, P Ͻ 0.05) was used, and these subsequent analyses were compared by hierarchical clustering.
All the microarray information has been submitted to the National Center for Biotechnology Information Gene Expression Omnibus web site (www.ncbi.nlm.nih.gov/geo/) (experiment series number: GSE5399; accession numbers: GSM123432-123434, GSM123442-123450).
Pathway identification by Expression Analysis Systemic Explorer. Gene lists (GenBank accession numbers of human homologs) from microarray results were submitted to the Expression Analysis Systematic Explorer (EASE, accessible via: http://david.abcc.ncifcrf. gov/), which subsequently obtains corresponding "GeneID" (Entrez Gene; http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?dbϭgene) for further analysis. EASE takes into account the frequencies of genes belongingtoparticularGeneOntology(GO)(http://www.geneontology. org/index.shtml) terms among the genes found to be regulated and among all genes that were addressed in an experiment. EASE performs a statistical analysis to detect overrepresented functional gene categories in the data set compared with all genes on the arrays. GO terms are reported with corresponding EASE scores, i.e., a conservative statistical test that gives the upper bound of the distribution of Jackknife Fisher exact probabilities and favors robust categories. Functional gene categories were considered significantly overrepresented at P Ͻ 0.05. A more detailed analysis of the genes' association with physiological pathways was performed using the Kyoto Encyclopedia of Genes and Genomes (KEGG, http://www.genome.jp/ kegg/pathway.html) and the PathwayAssist program (V3.0) (Stratagene, Amsterdam, The Netherlands). Each identified process was confirmed through PubMed/Medline.
Quantitative real-time RT-PCR. Differential expression data of selected genes obtained from porcine oligonucleotide chips were validated by real-time PCR carried out on a LightCycler instrument (Roche Diagnostics, Mannheim, Germany). A two-step procedure was performed. First, RNAs obtained from liver of 10 animals per breed per stage were reverse transcribed using random hexamers and oligo(dT) primers and Superscript III reverse transcriptase (Invitrogen, Karlsruhe, Germany). Then, gene-specific PCR were done with reaction mixtures consisting of cDNA, 5 M upstream and downstream primers (Table 2) , and LightCycler DNA Master SYBR Green I (1ϫ) (Roche). Templates were amplified by 45 cycles of 95°C for 15 s denaturation and 60°C for 10 s annealing and 72°C for 15 s for extension preceded by initial denaturation of 95°C for 10 min as universal thermal cycling parameters. On the basis of the analyses of melting curves of the PCR products, a high-temperature fluorescence acquisition point was determined and included in the amplification cycle program. For all assays a standard curve was generated by amplifying serial dilutions of specific PCR products. Fluorescence signals, which were recorded on-line during amplification, were subsequently analyzed using the "second derivative maximum" method of the LightCycler Data Analysis software. Normalization of variation in RT-PCR efficiency and initial RNA input was performed by using RPL32 gene as internal standard. In total, 80 individual liver mRNA samples of animals of the four stages of the two breeds were analyzed in duplicate. Quantitative real-time RT-PCR (qRT-PCR) data from each stage between DL and Pi were analyzed by t-test, and differences were considered significant at P Ͻ 0.05 (SAS version 8.02; SAS Institute, Cary, NC).
RESULTS
The animals used were representative of the two breeds that showed markedly different performance (Table 1) . Comparative expression profiling by competitive hybridization of the (Table 3 ). Between 7,182 and 8,431 genes expressed were displayed after filtering with ImaGene software, and between 1,068 and 2,205 genes were found differentially expressed between the breeds at each stage after statistical analysis (t-test, P Ͻ 0.05) by MEV with corresponding false discovery rates varying between 0.05 and 0.13 as estimated by QVALUE (Table 3) . Statistically significantly overrepresented GO terms associated with genes upregulated and downregulated between the pig breeds DL and Pi at three prenatal stages and one peripubertal stage were found with the Expression Analysis Systematic Explorer (EASE score, P Ͻ 0.05) ( Table 4) (20) .
At 35 dpc, the expression level of 310 transcripts varied by more than twofold, of which 210 were downregulated and 100 were upregulated in DL compared with Pi. The list of differentially regulated genes at 35 dpc is shown in Supplemental Table S1 (the online version of this article contains supplemental material). To gain a more mechanistic understanding of the process, the EASE score was used to identify GO functional categories, which were significantly overrepresented in DL or Pi with more than twofold different expression. GO terms at 35 dpc representing genes higher expressed in Pi than DL were related to transmission of nerval signals and components of membranes (Table 4) . Transcripts with higher abundance in DL than Pi were genes assigned to categories related to physiological and defense mechanisms and nucleotide binding (Table 4) . At 63 dpc, 167 genes were found with more than twofold difference in expression (Supplemental Table S2 ). The 119 genes upregulated in Pi compared with DL belong to pathways associated with kinase activity or phosphotransferase activity, while 48 genes upregulated in DL belong to categories of early endosome and heat shock protein activity; however, EASE score was not significant as shown in Table 4 .
In total 387 regulated genes were found at 91 dpc with only 25 gene being upregulated in Pi (Supplemental Table S3 ). Genes of the GO biological processes related to cell growth and/or maintenance, intracellular and cell communication and signaling, and cellular process were found higher in Pi, whereas genes involved in response to stimulus, heat shock protein activity, transferase activity, and energy pathways were upregulated in DL fetuses at 91 dpc ( Table 4) .
The highest number of regulated genes was found at the peripubertal stage. For DL vs. Pi, the 380 downregulated genes (Supplemental Table S4 ) belong to the biological processes of cell growth and/or maintenance, cell proliferation, cell communication, cell cycle, cell-cell signaling, transcription, protein binding, binding, and DNA binding (Table 4) , whereas 174 upregulated genes (Supplemental Table S4 ) were assigned to the biological processes of lipid metabolism or biosynthesis, endosome and membrane fraction, as well as cell fraction (Table 4 ). The transcripts associated to cell proliferation and lipid metabolism pathways were subject of common regulators as revealed by network analysis of upregulated genes in obese DL compared with lean Pi pigs ( Figs. 1 and 2) .
Time course analysis of breed-dependent expression profiles from fetal to peripubertal stage and related biological processes. In total 13 array hybridizations were used ( Table 3) . The gene expression patterns of DL and Pi were analyzed throughout fetal to peripubertal stages by ANOVA (P Ͻ 0.05). These data were clustered to reveal prominent groups of genes with similar breed-dependent changes in expression patterns using a k-means algorithm (Fig. 3) . To get more insight into the functional and structural components and impact of the genes represented in each cluster, the EASE score was used to (Table S4) dpc, Days postconception.
identify GO functional categories, which are significantly overrepresented in each of the defined k-means clusters (Table 5) . From this analysis, eight clusters can be distinguished. Genes of all clusters are presented in Supplemental Table S5 .
As shown in Fig. 3 , clusters 1, 2, 3, and 7 represent genes that have the same tendency of higher gene expression in the obese DL pigs, whereas the clusters 4, 5, 6, and 8 comprise genes showing the tendency of higher expression in the Pi pigs. Cluster 1 (172 genes) and cluster 3 (80 genes) cover genes that were slightly higher expressed in DL fetuses than Pi fetuses and that showed even higher breed differences in peripubertal pigs. The GO overrepresentation analysis of these clusters revealed genes associated mainly with lipid biosynthesis, lipid metabolism, metabolism, biosynthesis, stimulus being more active in DL fetuses than in Pi fetuses, but not at the peripubertal age. The tendency of Pi breeds of having higher expression at all stages compared with DL was found in clusters 4, 5, 6 and 8, which represent 146, 95, 129, and 84 genes, respectively. Clusters 5 and 6 showed the same tendency of slightly lower expression in fetal stages and dramatically lower expression in peripubertal DL compared with Pi. The overrepresented biological processes in this cluster primarily involve cell growth and/or maintenance, cell proliferation, protein transport, and protein metabolism, as well as protein synthesis (Table 5) . Cluster 4 had the opposite trend to cluster 2 with higher gene expression at 91 dpc in Pi. Many of the genes belong to the categories covering plasma membrane, protein modification, protein kinase activity, and phosphotransferase activity (Table 5). Cluster 8 displayed higher expression in Pi throughout all stages, thus the opposite of cluster 3. The most significant GO categories in this group are cellular processes, cell growth and/or maintenance, as well as plasma membrane (Table 5) .
Comparison of qRT-PCR and microarray data. qRT-PCR was used to confirm differential expression as indicated by microarray expression patterns. All of the eight genes selected for this analysis showed more than twofold different expression between breeds at peripubertal stage and were examined along the four developmental stages. Four upregulated genes [acetyl-coenzyme A synthetase 2 (ACSS2); fatty acid synthase (FASN); inhibitor of growth family, member 4 (ING4); and hematopoietic cell signal transducer (HCST)] and four downregulated genes [Janus kinase 3 (JAK3); eukaryotic translation initiation factor 4 gamma, 2 (EIF4G2); methionine aminopeptidase 2 (METAP2); and SIN3 homolog A, transcription regulator (SIN3A)] were selected to compare DL vs. Pi. The majority of these selected genes belong either to protein metabolism pathways (JAK3, EIF4G2, and METAP2), which were upregulated in peripubertal Pi, or to lipid biosyntheses pathways (FASN and ACSS2), which were upregulated in peripubertal DL. The primer sequences of the eight selected genes and the housekeeping control gene [ribosomal protein L32 (RPL32)] are shown in Table 2 . In total 80 individual liver mRNA samples were analyzed in duplicate. All the expression patterns of the eight transcripts throughout three fetal stages and one peripubertal stage are shown in Fig. 4 . ACSS2 transcripts showed higher abundance in DL than in Pi at all stages with the highest difference at the peripubertal stage. While the transcript abundance increased in peripubertal DL pigs compared with that of DL fetal pigs, transcript abundance decreased in the peripubertal Pi pigs. FASN tended to be higher expressed at fetal stages in DL, with a significant difference at 91 dpc and peripubertal stage. Transcript abundance was highest at 63 dpc in both breeds. ING4, METAP2, and EIF4G2 showed steadily decreasing transcript abundance along with development, with, mainly at early stages, significantly higher expression in DL than in Pi. Also JAK3 showed a steady decrease of expression alongside development but tended to be more highly expressed in Pi than in DL. HCST transcripts are most abundant at 63 dpc in both breeds. At 35 dpc HCST transcript abundance is higher in Pi than in DL, but at peripubertal stage it is higher in DL than in Pi. SIN3A is strongly upregulated in the peripubertal stage compared with fetal stages. Peripubertal DL had lower transcript abundance than peripubertal Pi. For each gene at each stage of development, the log2-fold changes of qRT-PCR and microarrays are presented in Table 6 together with Pearson correlations of qRT- PCR and microarrays. Most genes selected with more than twofold differences in expression at peripubertal age and 91 dpc according to microarray analyses showed corresponding values by qRT-PCR with high correlation. Coefficients of correlations are smaller and/or less reliable for the stages 35 dpc and 63 dpc due to a number of genes selected not being detected or scored after quality filtering at early prenatal samples by microarray analysis. The average correlation be- 
DISCUSSION
Prenatal development is an important predisposing factor for perinatal development and postnatal growth (37, 53) . The development of a complex organ such as the liver relies on precise temporal and spatial gene expression patterns during ontogenesis. The unique peripubertal phenotype is a result of a cascade of transcriptional events that finally trigger gene expression in a liver-specific fashion and determine the phenotype and function of the liver (18) . While a certain set of genes is constantly expressed to maintain the organ structure, a varying number of genes are regulated according to the metabolic demand of the surrounding organism. Since prenatal development affects postnatal growth, a good understanding of the genetic control of prenatal events will facilitate further progress in selection for growth and body composition traits. The gain in knowledge of genotype-adapted and -dependent nutritional requirements obtained from pigs of divergent breeds can provide information that is also relevant in nutritional genomics of other species, including human.
So far, research to evaluate changes in gene expression during the early stages of fetal pig development has focused on whole fetuses or muscle tissue but not on the liver (49 -51, 54, 57, 61-63) . Competitive hybridizations were carried out of the 13K-long oligonucleotide microarray, Qiagen-NRSP8, to determine biological pathways that are differentially expressed during liver ontogenesis between two breeds of pigs differing in traits related to growth, obesity, and leanness. The porcine 13K-long oligonucleotide microarray, Qiagen-NRSP8, has been shown to enable reliable expression profiling of different porcine tissues including liver (68) . RNA pools were used for hybridisations that were derived from of 4 -10 fetal or peripubertal liver samples each. Pooling was done to minimize technical and statistical issues resulting from individual variation in gene expression or variation that might arise from differences between sexes and families within breed, but to highlight breed typical differences only (22, 36) . The average number of 7,000 -8,500 genes expressed in each stage of liver is in agreement with the former study of Zhao et al. (68) . Expression patterns of liver derived from DL and Pi at 35, 63, and 91 dpc and peripubertal age were examined. These time points were chosen to cover the three developmental stages of liver of differentiation (18 -40 dpc), metabolic activity (40 -80 dpc), and glycogen accumulation (80 -113 dpc) that were defined based on histological studies of porcine liver during prenatal development (7, 8) .
For validation of oligonucleotide chip data, we performed qRT-PCR with the same RNA samples that were used for the microarray experiments. In total, eight target genes were tested by qRT-PCR. RPL32 was used as a housekeeping control. RPL32 showed no regulation between DL and Pi along the development in our study and has been used successfully as a housekeeping control in other studies as well (12, 13, 67) . Other housekeeping genes that have been proposed and used manifold such as ␤-actin or GAPDH were also tested and found to be regulated in pigs with divergent body composition within or between breeds in this study as well as other studies (38, 39) . In this study, the average fold change correlation between microarray and qRT-PCR was 0.82 (P Ͻ 0.0001), which is in line with results reported by Zhao and colleagues (68) using the same porcine long-oligonucleotide microarray. Recently, a large-scale study of the consistency of real-time PCR and gene expression measurements with two commercial long-oligonucleotide microarrays concluded that microarrays are invaluable discovery tools with acceptable reliability for genome-wide gene expression screening, though validation of putative changes in gene expression remains advisable (59) .
Genes and biological pathways identified by EASE dominant in DL compared with Pi in fetal and peripubertal stages.
Genes that were more highly expressed in obese DL pigs than in lean Pi at the fetal stages of 35, 63, and 91 dpc encode elements of defense/immunity, protein activity, response to external stimulus, response to biotic stimulus, as well as heat shock protein activity pathways, covering indicators of cellular stress (28) . Such genes have been found to be higher expressed in obese men (17) . Diet-induced obesity in mice led to increased hepatic expression of genes categorized into the groups of defense, stress, and inflammation responses (23, 42) . Evidence has been reported that abdominal fat tissue is metabolically and immunologically active and modulates response to dietary and other external stimuli of other tissues via the release of adipocytederived mediators, so-called adipocytokines (52) . Interestingly, differences between live weight at age of slaughter and carcass weight (25% of live weight in DL and 21% of live weight in Pi) indicate that DL has a higher proportion of abdominal fat tissue. One might speculate that this higher amount of abdominal fat correlates with higher expression of genes involved in response to biotic and abiotic stressors. Moreover, it has been reported that porcine breed and age are important factors influencing the response to various stressors or infectious challenges (47) . The present study indicates that the genetic control of properties related to metabolic status, nutrient utilization, and partitioning engage genes of defense/immunity, protein activity, and response to external stimulus. Existing breed differences of these properties are even established at early fetal development.
Peripubertal pigs of the breeds DL and Pi differ in their hepatic expression profile with significant EASE scores for the categories of lipid metabolism, lipid biosynthesis, and biosynthesis being more highly expressed in obese DL pigs than in Pi.
We found 14 genes of lipid metabolism pathways to be significantly more highly expressed in DL than in Pi peripubertal pigs, including transcripts that encode key enzymes of lipid metabolism such as acetyl-coenzyme A carboxylase alpha (ACACA); ACSS2; FASN; pyruvate kinase (PKLR); cytochrome P450, family 21, subfamily A, polypeptide 2 (CYP21A2); and nuclear receptor subfamily 0, group B, member 1 (NROB1). These key molecules were subjected to pathway analysis that revealed a network of common regulation of genes involved in anabolic pathways being upregulated in DL (Fig. 1) . Leptin, insulin, and glucagons, as well as the transcription factor sterol regulatory element binding transcription factor 1, represent common regulatory molecules of the key enzymes of lipid metabolism (ACACA, ACSS2, FASN, PKLR, CYP21A2, NROB1).
ACACA is a major regulatory enzyme of fatty acid biosynthesis that catalyzes the carboxylation of acetyl-CoA to malonylCoA, which is the rate-limiting step in fatty acid synthesis. The main function of FASN is to catalyze the synthesis of longchain saturated fatty acids from acetyl-CoA and malonyl-CoA. ACSS2 encodes a cytosolic enzyme that catalyzes the activation of acetate, i.e., the production of acetyl-CoA from acetate, for use in lipid synthesis and energy generation.
ACSS2 and FASN were selected for confirmation of differential expression by qRT-PCR throughout the developmental stages addressed here. The tendency for higher expression levels of both FASN and ACSS2 in DL than Pi was confirmed for the peripubertal stages but was found at earlier developmental stages as well. For ACSS2 most prominent breed differences were seen at peripubertal age. FASN expression was unregulated from 35 dpc to 63 dpc and downregulated from 63 dpc to peripubertal age; thus it was highest at 63 dpc. The prenatal regulation of expression of FASN in the liver and also of other genes encoding enzymes of the fatty acid metabolism as found here and in other studies (31) indicates that there are marked changes and suggests an important role of fatty acid metabolism during gestation. Indeed, deletion of FASN or ACACA in mice resulted in embryonic lethality, indicating that the de novo fatty acid synthesis is essential for embryonic development (30) . Differences in gene expression or enzyme activity in lipid metabolism pathways in liver were also observed in mice or obese rats (39, 19) , as well as in mice after long-term high-fat diet feeding (23, 24) .
PKLR is an ubiquitously expressed enzyme that catalyzes the conversion of phosphoenolpyruvate to pyruvate with the generation of ATP. PKLR is associated with increased risk of Type 2 diabetes (56). CYP21A2 encodes a member of the cytochrome P450 superfamily of enzymes. This protein hydroxylates steroids at the 21 position and is required for the synthesis of steroid hormones including cortisol and aldosterone. NROB1 encodes a DAX1 protein that have been found to function primarily in steroidogenesis (34) . Plasma levels of steroid hormones were also found to be associated with obesity (35) . Interestingly, in addition to genes directly involved in fatty acid synthesis and genes affecting steroid hormone synthesis, a gene controlling cholesterol synthesis, isopentenyl diphosphate delta isomerase, was found to be more highly expressed in DL than in Pi. Differences in cholesterol biosynthesis were shown to be associated with obesity, resulting in a higher level of cholesterol deposition in adipose cells and increased adiposity (3, 32, 46) .
Genes and biological pathways identified by EASE dominant in Pi compared with DL in both fetal and peripubertal stages.
We found 109 transcripts in the category of cell growth and/or maintenance pathways and 42 transcripts in cell proliferation pathways to be more abundant in Pi than in DL during peripuberty. Among these, peroxisome proliferator-activated receptor delta (PPARD); POU domain, class 1, transcription factor 1 (POU1F1); baculoviral inhibitor of apoptosis (IAP) repeat-containing 5 (BIRC5); high-mobility group box 1 (HMGB1); and insulin-like growth factor 2 receptor (IGF2R) are key molecules. These key molecules of cell proliferation pathways were used to display a network of interactions as shown in Fig. 2 .
PPARD belongs to the peroxisome proliferator-activated receptor (PPAR) family of nuclear hormone receptors. Three different PPAR isoforms (PPARA, PPARG, and PPARD) have been identified. Activation of PPARD has been shown to promote lipid oxidation and energy uncoupling (60) . Transgenic mice with PPARD hyperexpression have greatly reduced serum triglycerides and free fatty acids as well as improved insulin sensitivity; in contrast, PPARD knockout mice cannot upregulate fat burning and are metabolically less active (16, 25) . We showed breed-dependent variation in PPARD expression, which may contribute to the genetically determined differences between the lean Pi and obese DL with Pi exhibiting a more active energy metabolism, thus limiting energy availability for fat deposition.
POU1F1 is a member of the POU family of transcription factors that regulate genes encoding growth hormone, prolactin, and thyroid-stimulating hormone beta subunit (27, 64) . Polymorphisms in this gene were shown to be associated with growth and carcass traits in meat-type and fat-type porcine breeds (43, 44 ). An increase of POU1F1 transcript in lean Pi indicates that these effects might depend on differential regulation of POU1F1 expression.
Baculoviral IAP repeat-containing 5 (survivin, BIRC5) is a member of the IAP gene family. BIRC5 is expressed in the G2/M phase of the cell cycle in a cycle-regulated manner (26) . At the beginning of mitosis, BIRC5 associates with microtubules of the mitotic spindle in a specific and saturable reaction that is regulated by microtubule dynamics. The upregulation of BIRC5 in the peripubertal lean Pi pig may indicate a higher dynamic of cell growth and proliferation in Pi compared with obese DL.
High mobility group proteins are small DNA-binding proteins playing an important role in transcriptional regulation (9) . HMGB1 is the most intensively investigated member of this group of protein and plays an important role in inflammation, cell migration, differentiation, and tumorigenesis (2, 41, 66) . HMGB1 affects cell growth and apoptosis via intracellular signaling pathway and is activated via key cell-signaling pathways such as MAP kinase and nuclear factor NF-B (48) .
The IGF2R gene is maternally imprinted (5), and its overexpression increases fetal overgrowth in humans, mice, and sheep (29, 65) , as well as overproduction in tumors (14) .
Pathway analysis revealed that among others NF-B is a common regulator of BIRC5, HMGB1, and PPARD. MAP kinase regulates PPARD as well as HMGB1 (Fig. 2) . Upregulation of HMGB1 is also activated of JAK/STAT pathway in the liver (58) . Both IGFR2 and PPARD are positively regulated by insulin and thus functionally linked.
In this study we demonstrated that the genetic differences between obese and lean pigs are associated with upregulation of lipid biosynthesis pathways in obese pigs on the one hand and upregulation of cell growth and/or maintenance, as well as cell proliferation pathways, in lean pigs on the other hand. Thus this study reveals a number of functional candidate genes to be studied to provide further genetic and functional evidence for their impact on body composition. For some genes association studies have already indicated such effects. However, for a number of genes it remains to be elucidated which of these genes within these categories are causative for the phenotypic differences or are themselves affected by other hierarchically higher factors. Moreover, the study shows that phenotypic breed differences in obesity and leanness in the pig are not due to upregulation of lipolysis pathways as in lean and obesityresistant knockout mouse (11) .
Time course analysis of expression profiles and their breeddependent biological processes. Comparison of transcription profiles from fetal stages to peripubertal age yielded interesting insights into molecules involved in the developmental pattern of genetically predisposed obese and lean breeds. It highlighted classes of genes that showed common breed-typical expression throughout embryogenesis and postnatal growth through peripubertal age. Out of the eight clusters obtained, two groups of genes with the tendency of up-or downregulation in one breed compared with the other can be defined. The genes clustered according to their timely expression along development that made up the two groups of clusters display, when assigned to GO categories, the same picture of higher lipid metabolism and biosynthesis in DL and higher cellular activity in Pi as revealed by EASE of each single developmental stage.
However, the functional analysis of clustered genes reveals a more striking picture of breed differences along development, with clusters 3 and 8 as well as 1 and 5 being most conclusive: Clusters 3 and 8 comprise genes that are differentially expressed between DL and Pi throughout pre-and postnatal development. Clusters 1 and 5 cover genes that are mainly differentially expressed at peripubertal age. However, both pairs of clusters mark among other categories of genes loci involved in lipid metabolism on the one hand and cell growth and/or maintenance on the other hand as being either upregulated in DL or Pi, respectively. Thus, the analysis demonstrated that the transcriptional differences between obese and lean pigs involving lipid pathways and cell activity are already initiated during early embryogenesis. This is the first microarray analysis that demonstrates 1) that lipid/sterol synthetic pathways and also responses to stimuli are more pronounced in obese pigs but cell growth/cell maintenance, cell proliferation, as well as protein synthesis, are more pronounced in lean pigs and 2) that this divergence between the breeds is already initiated during early embryogenesis.
Application of the 13K-long porcine oligonucleotide microarray to compare gene expression of prenatal and postnatal liver samples of two divergent breeds indicated that Pi tend to exhibit higher expression of genes involved in changes and development of tissues and cells while DL tend to show higher transcript abundance of genes involved in intracellular energy and metabolite conversion, especially of lipids. These trends are visible even at early stages of development. Many candidate genes with potential roles in meat quality and carcass traits have been identified. Genome scans have successfully been used to map quantitative trait loci (QTL) for growth, body composition, and meat quality traits [see Pig QTL database, http://www.animalgenome.org/QTLdb/] (21). Mirroring the data provided by expression studies onto the QTL maps will reveal the positional functional candidate genes that are the most promising for further research.
